All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Since several decades, breeders hen became the most efficient meat producing animals due to intense genetic selection for fast growth and high muscle yields. However, these changes led to a lot of problems in the management of broiler breeder hens such an increased body fat deposition and high incidence of metabolic and skeletal disorders. Moreover, reproductive dysfunctions occurred due to a negative correlation between muscle growth and reproduction effectiveness \[[@pone.0233169.ref001]--[@pone.0233169.ref003]\]. Nowadays, a restricting feed intake to approximately 60% of *ad libitum* is usual practice to prevents obesity, reduce mortality and to improve egg production in broiler hens \[[@pone.0233169.ref004]\]. However, this nutritional practice leads to problems of animal welfare including physiological stress, stereotypies and aggression in poultry \[[@pone.0233169.ref005]\]. Scientific literatures reported that there is an increased interest in the use of eco-friendly materials such as phyto-products from medicinal plants, fruits and herbal-based extracts \[[@pone.0233169.ref006]\]. Indeed, these compounds contain many bioactive phytochemicals which have been found to exhibit many properties such anti-inflammatory and antioxidant properties that may have beneficial effects on appetite, growth, immune status and reproductive functions \[[@pone.0233169.ref007]\]. In mammals, several *in vitro* and *in vivo* studies performed in male used a supplementation of natural antioxidants from plant origin as a means of counteracting the oxidative stress to improve fertility \[[@pone.0233169.ref008]\]. Even though fewer studies are available in the female, secondary metabolites from plants such as polyphenols have been reported to improve the number and quality of oocytes mice and humans \[[@pone.0233169.ref009], [@pone.0233169.ref010]\].

In broiler hens, we recently showed that grape seed extracts (GSE) maternal dietary supplementation reduces plasma and tissue oxidative stress associated to modulation of adipokines content in plasma and peripheral tissues \[[@pone.0233169.ref011]\]. Grape seeds are proanthocyanidins, mainly composed of monomeric catechin and epicatechin, gallic acid, and polymeric and oligomeric proanthocyanidins \[[@pone.0233169.ref012]\] which have been demonstrated to be more powerful free radical scavengers than vitamins C, E, and β-carotene \[[@pone.0233169.ref013]\]. The effects of grape seed extracts (GSE) have been largely investigated in cancer and metabolic cells \[[@pone.0233169.ref014]\] \[[@pone.0233169.ref015]\] but very few studies have been carried in ovarian cells. In mammals, GSE exerts *in vivo* beneficial effects on oxidative stress and on many metabolic disorders including insulin resistance \[[@pone.0233169.ref016]\] that could be associated to modulations of plasma adipokines such as adiponectin \[[@pone.0233169.ref017]\]. Recently, we showed that GSE treatments reduced oxidative stress (OS) and improved *in vitro* steroidogenesis without affecting cell proliferation and viability in human granulosa cells \[[@pone.0233169.ref018]\]. In hens, grape seed proanthocyanidin extract could prevent the ovarian aging process by reducing oxidative stress \[[@pone.0233169.ref019]\] and could provide some protection against the reproductive toxicity induced by the Cadmium endocrine disruptor \[[@pone.0233169.ref020]\]. However, no studies investigated the *in vivo* effects of the GSE on the egg performance (quantity and quality) and on the fertility parameters. The ovary of the reproductively active hen represents an interesting model for studying follicular development. It consists of small prehierarchical and maturing preovulatory follicles showing a hierarchy according to their size (F5/6 to F1; \[[@pone.0233169.ref021]\]. Moreover, as in women, ovarian functions in chicken are also regulated by gonadotropins, including FSH (follicle-stimulating hormone), LH (luteinizing hormone), and ovarian steroids.

Thus, our present study aimed to determine the *in vivo* effects of maternal GSE dietary supplementation on egg production and quality, reactive oxygen species (ROS) levels and steroid composition in yolk and fertility parameters. We also investigated a potential association between plasma adipokines and yolk ROS levels. All these analyses were performed in both experiments. In the first experiment, GSE dietary supplementation was carried out from hatching while in the second one it was performed in 4 weeks-old breeder hens.

Materials and methods {#sec002}
=====================

Ethical issues {#sec003}
--------------

An ethics committee "Comité d'Ethique en Expérimentation Animale Val de Loire » (CEEA VdL N°19) protocol registered approved all experimental studies, which were in accordance with the French National Guidelines for the care and use of animals for research purposes (certificate of authorisation to experiment on living animals APAFIS number 10237-201706151202940v3).

Animals {#sec004}
-------

Three hundred and twenty-four broiler breeder females chicks from Hendrix Genetics (Saint Laurent de la Plaine, France) were studied from day 1 to 40 weeks of age. Animals were divided in homogeneous groups of 10 to11 birds in 32 pens, each pen with an area of 3m^2^. The animals were reared at "Pôle Expérimental Avicole de Tours" (INRA, Nouzilly, France) according to the conventional conditions of breeding: 24h of light on arrival, day length being reduced to approximately 8h at two days of age, then kept constant until the age of photostimulation (21^st^ week). From 21 weeks of age, there was a gradual increase in exposure to light up to 15h per day at 25 weeks. Animals were maintained under this light regime until the end of the experiment and then they were killed by electrical tunning and bled out as recommended by the ethical committee.

Diets composition {#sec005}
-----------------

From one to the fourth week of age, female breeder chicks received an *ad libitum* diet (free access to food), called a starting diet. At week 4, all animals received a restricted diet according to Hendrix Genetics recommendation. From 4 week to 40 week, animals received three different diets: growing (from 4 to 18 week), before laying (from 18 week to 21 week) and laying (from 21 week to 40 week). We performed two experiments according the time of GSE supplementation as described below. For both experiment, remaining feed was weighed. The composition of GSE used for this study was analysed by HPLC (High Performance Liquid Chromatography). The most important component was the procyanidins (\> 90%). The supplement was manually mixed with the diet at the proper concentration of the total diet. The composition of the diets is shown in the [S1 Table](#pone.0233169.s002){ref-type="supplementary-material"} and a schema of the experimental design is showed in [S1 Fig](#pone.0233169.s001){ref-type="supplementary-material"}.

Experiment 1 {#sec006}
------------

In the experiment 1, the animals were divided into three groups: group A (control, n = 92), group B and C supplemented with GSE at 0.5% (n = 80) and 1% (= 80) of the total diet composition, respectively, since the age of 4 weeks until 40 week-old.

Experiment 2 {#sec007}
------------

In the experiment 2, we used two groups of animals: group A (control, n = 92) and group D (supplemented with 1% of GSE since the hatching until 40 week-old, n = 72).

Measurement of egg production and quality {#sec008}
-----------------------------------------

In each experiment, from the 24^th^ week, the eggs from each pen were collected twice a day, counted and weighted using a balance (Ohauss, Pionner) The numbers of normal and double (eggs with two egg yolks) eggs were collected and counted. The weight of the albumen, the egg yolk and the dehydrated shell were determined. At the beginning of the laying period (26^th^ week), the width and the length of the eggs laid for each group of animals were measured using a digital calliper (Mitutoyo, CD-20DCX). Using an Instron instrument (Instron, UK527), we analysed the static stiffness (Sd, N/mm), the tensile strength (F), the elastic modulus (Eshell, N/mm^2^), the toughness (Kc, N/mm^3^) of the eggs. The weight and the thickness of the shell were also measured. These parameters were assessed for 30 eggs of each group of animals in each experiment.

Determination of weight and number of follicles {#sec009}
-----------------------------------------------

In each experiment, at 40 weeks old, 10 hens per group were selected and the preovulatory follicles (from 1 to 4) were collected, hierarchically defined and weighed. Granulosa cells and theca cells were collected from the F1.

Fertility parameters {#sec010}
--------------------

For artificial insemination, we used the semen of 48 cocks (Cobb500), collected and pooled to form a single sample. For each experiment, the hens were inseminated with 2 x 10^8^ spermatozoa, at 28^th^ and 33^rd^ week. Eggs were collected and counted daily for 3 weeks following the artificial insemination and incubated every seven days. We assessed the number of unfertilised eggs, early (EEM) and late (LEM) embryonic mortality by breaking eggs and candling on the 7^th^ (EEM) and 14^th^ (LEM) day of incubation. The different percentages (EEM, LEM, hatchability, hatchability of fertile eggs and fertility) were calculated using the following formulae: $$\%\text{EEM} = \text{number}\mspace{360mu}\text{of}\mspace{360mu}\text{EEM}/\left( {\text{number}\mspace{360mu}\text{of}\mspace{360mu}\text{incubated}\mspace{360mu}\text{eggs}–\text{unfertilised}\mspace{360mu}\text{eggs}} \right)*100$$ $$\%\text{LEM} = \text{number}\mspace{360mu}\text{of}\mspace{360mu}\text{LEM}/\left( {\text{number}\mspace{360mu}\text{of}\mspace{360mu}\text{incubated}\mspace{360mu}\text{eggs}–\text{unfertilised}\mspace{360mu}\text{eggs} + \text{number}\mspace{360mu}\text{of}\mspace{360mu}\text{EEM}} \right)\mspace{360mu} 100$$ $$\%\text{Hatchability}\mspace{360mu}\text{set} = \left( {\text{number}\mspace{360mu}\text{of}\mspace{360mu}\text{hatched}\mspace{360mu}\text{chicks}/\text{number}\mspace{360mu}\text{of}\mspace{360mu}\text{incubated}\mspace{360mu}\text{eggs}} \right)*100$$ $$\%\text{Hatchability}\mspace{360mu}\text{of}\mspace{360mu}\text{fertile}\mspace{360mu}\text{eggs} = \left( {\text{number}\mspace{360mu}\text{of}\mspace{360mu}\text{hatched}\mspace{360mu}\text{chicks}/\text{number}\mspace{360mu}\text{of}\mspace{360mu}\text{fertile}\mspace{360mu}\text{eggs}\mspace{360mu}\text{after}\mspace{360mu} 14\mspace{360mu}\text{days}\mspace{360mu}\text{of}\mspace{360mu}\text{incubation}} \right)*100$$

Measurement of progesterone, androstenedione, testosterone and oestradiol deposition in egg yolk {#sec011}
------------------------------------------------------------------------------------------------

In each experiment, we assessed steroids concentration from 30 egg yolks per group. Steroids were extracted with diethyl ether after intense agitation and centrifugation. The steroid-containing diethyl ether phase was decanted after freezing the tubes in nitrogen for 10s. The organic solvents were then evaporated and the extracts taken up in phosphate buffer. Steroid hormones (progesterone, oestradiol, testosterone and androstenedione) were then measured in the extracts using ELISA assays. For progesterone, the ELISA assay was performed as described by \[[@pone.0233169.ref022]\]. The sensitivity of the assay was 0.4 ng/mL. Oestradiol and testosterone concentrations were determined using commercial ELISA assays from Cayman Chemicals and the sensitivity of these assays was 0.01 ng/mL. Androstenedione levels were analysed using an ELISA assay from Abcam and the sensitivity of the assay was 0.01 ng/mL. The intra-assay and inter-assay coefficients of variation (CV) for each assay averaged \<10%.

Measurements of the expression of steroidogenic genes in granulosa cells {#sec012}
------------------------------------------------------------------------

In each experiment, total RNA from granulosa cells of preovulatory follicle 1 of ten animals per group was extracted by homogeneisation in the TRIzol tissue reagent using an ULTRATURAX instrument, according to the manufacturer's recommendations (Invitrogen, by Life Technologies, Villebon sur Yvette, France). The cDNA was generated by reverse transcription of total RNA (2 μg) in a mixture comprising 0.5 mM of each deoxyribonucleotide triphosphate (dATP, dTTP, dGTP, dCTP), 2 M of RT Buffer, 15 μg/μL of oligodT, 0.125 U of ribonuclease inhibitor, and 0.05 U of Moloney murine leukemia virus reverse transcriptase (MMLV) for one hour at 37°C. Real-time PCR was performed using the MyiQ Cycle Device (Bio-Rad, Marnes-la-Coquette, France), in a mixture with SYBR Green Supermix 1X Reagent (Bio-Rad, Marnes-la-Coquette, France), 250 nM specific primers (Invitrogen by Life Technologies, Villebon-sur-Yvette, France) and 3 μL of cDNA diluted 1:5 in water) for a total volume of 11 μL. The samples were set up in duplicate on the same plate according to the following procedure: after an incubation of 2 min at 50°C and a denaturation step of 10 min at 95°C, samples were subjected to 40 PCR cycles (30 s at 95°C, 30 s at 60°C, 30 s at 72°C). The primers used are shown in the [S2 Table](#pone.0233169.s003){ref-type="supplementary-material"}. For each gene, the relative abundance of transcription was determined by calculating e^-ct^. Then, the relative expression of the gene of interest was related to the relative expression of the geometric mean of the three reference genes (GAPDH, ACTB and EIF3).

In vitro culture of hen granulosa cells {#sec013}
---------------------------------------

In each experiment, granulosa cells from preovulatory follicles 1 (F1) of hens fed with GSE dietary supplementation or with a control diet were collected from 7 animals for each group. Then, cells were dispersed in 0.3% collagenase type A (Roche Diagnostic, Meylan, France) in F12 medium containing 5% foetal bovine serum (FBS), at 37°C. Cells were pelleted by centrifugation, washed twice with fresh medium and counted in a haemocytometer. The viability of granulosa cells was estimated by Trypan Blue exclusion. Cells were cultured in a medium composed of DMEM supplemented with 100 U/mL penicillin, 100 mg/L streptomycin, 3 mmol/L L-glutamine and 5% FBS. The cells were initially cultured for 24h with no treatment. After overnight serum deprivation, cells collected from hens Rhode Island were stimulated with GSE (0.01, 0.1, 1, 50 and 100 μg/mL) or left untreated for 48h. Cells collected from hens fed with GSE supplementation were stimulated with IGF1 (10^-8^M), LH (10^-8^M), IGF1+LH (10^-8^M) or left untreated. All cultures were maintained under a water-saturated atmosphere of 95% air/ 5% CO2 at 37°C.

In vitro measurement of progesterone secretion by granulosa cells {#sec014}
-----------------------------------------------------------------

The concentration of progesterone secreted into the medium by granulosa cells under various conditions was determined according to an ELISA protocol described by \[[@pone.0233169.ref022]\]. The sensitivity of the kit was 0.4 ng/mL. The intra- and inter-assay coefficients of variation were \<10% and \<4.3% respectively. This experiment was carried out using four replicates of three hens for each group.

Adipokine assays {#sec015}
----------------

Plasma concentration of three adipokines were determined using ELISA assays. Chicken-specific kits, [MBS269004](https://www.mybiosource.com/vf-chicken-elisa-kits/visfatin-vf/269004) (sensitivity 5 pg/mL), MBS016609 (sensitivity 0.1 μg/mL) and MBS738819 (sensitivity 0.1 ng/mL), were used for NAMPT, ADIPOQ and RARRES2 respectively (My BioSource). The experiment was performed following the manufacturer's protocol with an intra-assay coefficient of variation ≤ 8%, \< 15% and \< 5.6 respectively. The absorbance was measured at 450 nm and then compared with reference values.

Measurement of ROS (hydrogen peroxide (H₂O₂) in yolk {#sec016}
----------------------------------------------------

The contents of ROS, hydrogen peroxide (H₂O₂) from 10 egg yolks per group in each experiment were measured by Ros-Glo H2O2 assay (Promega Corporation, Charbonnières-les-Bains, France). In each analysis, one gram of each egg yolk for each group was precisely analysed following the manufacturer's protocol.

Statistical analysis {#sec017}
--------------------

Data are represented as mean ± [s.e.m.]{.smallcaps}, with a level of significance less than 0.05 (\**P* \< 0.05). For both experiment, an analysis of variance using repeated measurements (Proc.Mix procedure) was used to compare the average numbers of normal eggs among the different hen groups. An analysis of variance (Proc.GLM procedure) was used to compare the number of double-yolk eggs, the weight of follicles, the content of ROS, the average concentrations of secreted steroids and androgen and levels of expression of adipokines and their receptors among the different groups. For both experiments, we analysed s the GSE supplementation effect (diet effect). A chi-square test was used for analysis of percentage fertility between the different parameters. A Pearson test was used to analyse correlations between ROS content and steroid in yolk egg and plasma adipokine concentration. The correlation was noted '*r*' and the *P* value was considered significant if *P* \< 0.05. SAS software (version 9.3, Cary, USA) was used for all analyses. Different letters indicate significant differences (*P* \< 0.05).

Results {#sec018}
=======

Effect of GSE maternal dietary supplementation on the egg production and quality ([Fig 1A](#pone.0233169.g001){ref-type="fig"}, [Table 1](#pone.0233169.t001){ref-type="table"}) {#sec019}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

![Laying curve (A) and number of double-yolk eggs (B) in broiler hens from 23^rd^ to 40^th^ week. Eggs were collected and weighed daily for all hens fed with different concentrations of GSE dietary supplementation or with a control diet. A: animals fed with control diet without GSE supplementation (n = 92), B and C: animals supplemented with GSE at 0.5% and 1% of the total diet composition, respectively, starting at 4 week-old until 40 week-old (n = 80), and D: supplementation with GSE at 1% of the total diet composition starting at hatch until 40 week-old (n = 72). Results are presented as lsmeans ± S.E.M. *P* values and different individual letters indicate a significant effect of the diet between A, B and C groups or between A and D groups. *P* value was considered as significant if *P* \< 0.05.](pone.0233169.g001){#pone.0233169.g001}

10.1371/journal.pone.0233169.t001

###### Number and quality of laying eggs of broiler hens fed with a GSE diet supplemented.

Group A: animals fed with control diet without GSE supplementation, B and C: animals supplemented with GSE at 0.5% and 1% of the total diet composition, respectively, starting at 4 week-old until 40 week-old and D: supplementation at 1% of the total diet composition starting at hatch until 40 week-old.

![](pone.0233169.t001){#pone.0233169.t001g}

  Parameters                             A                    B                    C                    D                Diet ABC Exp.1   Diet AD Exp.2
  -------------------------------------- -------------------- -------------------- -------------------- ---------------- ---------------- ---------------
  Number of normal laying egg /hen/day   0.59 ± 0.21          0.59 ± 0.24          0.58 ± 0.23          0.55 ± 0.26      **0.85**         **0.16**
  Number of double-yolk eggs /hen/day    0.56 ± 0.11 ^a^      0.33 ± 0.07 ^b^      0.22 ± 0.05 ^b^      0.21 ± 0.05      **0.01**         **0.02**
  Age for the first egg (week)           24.25 ± 0.25         24.57 ± 0.3          24.29 ± 0.18         24.2 ± 0.37      0.62             0.91
  Age at the laying peak (week)          29.38 ± 0.63         31.71 ± 0.8          29.86 ± 0.4          30.8 ± 0.8       **0.04**         0.19
  Egg weight (g)                         52.37 ± 0.57 ^a^     53.88 ± 0.6 ^a^      54.59 ± 0.62 ^b^     53.61 ± 0.79     **0.02**         0.2
  Yolk weight (g)                        14.02 ± 0.15         14.35 ± 0.23         14.39 ± 0.21         14.13 ± 0.24     0.17             0.69
  Albumen weight (g)                     30.27 ± 0.43         31.12 ± 0.84         31 ± 0.53            30.51 ± 0.63     0.41             0.75
  Length (mm)                            50.79 ± 0.5 ^a^      54.68 ± 0.32 ^b^     55.33 ± 0.26 ^b^     54.84 ± 0.27     **\< 0.0001**    **\< 0.0001**
  Width (mm)                             38.09 ± 0.401 ^a^    42.04 ± 0.2 ^b^      41.74 ± 0.23 ^b^     41.72 ± 0.3      **\< 0.0001**    **\< 0.0001**
  \% of shell                            9.36 ± 0.13          9.24 ± 0.16          9.34 ± 0.11          9.09 ± 0.14      0.83             0.18
  Thickness (mm)                         0.319 ± 0.01         0.322 ± 0.01         0.322 ± 0.004        0.312 ± 0.01     0.87             0.32
  Toughness (N/mm3)                      486.01 ± 7.7         481.17 ± 8.45        470.37 ± 10.78       463.17 ± 11.14   0.44             0.09
  Eshell (N/mm^2^)                       16640 ± 357.55 ^a^   18546 ± 391.05 ^b^   18659 ± 450.15 ^b^   17738 ± 507.53   **0.0003**       0.07
  Tensile strengh (N)                    32.93 ± 0.84         34.52 ± 0.91         33.53 ± 0.78         31.28 ± 1.02     0.47             0.22
  Static stiffness (N/mm)                156.9 ± 4.05         164.5 ± 3.91         157.2 ± 4.3          152.2 ± 5.98     0.42             0.5

The number of laying egg was determined in the whole period from 23 to 40^th^ week including all animals and the quality of eggs was determined at 26^th^ week on 30 eggs from each group of animals. Results are presented as lsmeans ± SEM. *P* values and different individual letters indicate a significant effect of the diet between A, B and C groups or between A and D groups. *P* value was considered as significant if *P* \< 0.05.

In the experiment 1 (group A,B and C) and experiment 2 (group A vs D), the number of normal laying eggs per hen per day, the age at the first egg or at the laying peak were unaffected by the GSE dietary supplementation ([Table 1](#pone.0233169.t001){ref-type="table"} and [Fig 1A](#pone.0233169.g001){ref-type="fig"}). As shown in [Table 1](#pone.0233169.t001){ref-type="table"}, the number of normal laying eggs per hen and per day in whole period (from week 23 to week 40) was similar between the different groups of animals whereas that of double laying eggs was significantly reduced by the GSE maternal dietary supplementation ([Fig 1B](#pone.0233169.g001){ref-type="fig"}). Indeed, GSE dietary supplementation reduced the number of double egg in B, C and D groups as compared to the control (B: 0.33 ± 0.07; C: 0.22 ± 0.05; D: 0.21 ± 0.05 vs A: 0.56 ± 0.11; *P* \< 0.05). At week 26, we assessed different parameters concerning the quality of eggs ([Table 1](#pone.0233169.t001){ref-type="table"}). In experiment 1, we noted that the weight of eggs was significantly increased in C group of animals (*P* \< 0.02) and this was associated with a higher length (*P* \< 0.0001) and width (*P* \< 0.0001) of eggs without any variation in the yolk and albumen weight ([Table 1](#pone.0233169.t001){ref-type="table"}). On the other hand, the Eshell corresponding to the elasticity of the shell was significantly higher in the B and C groups versus control animals (*P* = 0.0003) whereas it was unaffected in the experiment 2 (group D compared with the control animals ([Table 1](#pone.0233169.t001){ref-type="table"})). The percentage of shell, the toughness and thickness of the shell, the tensile strength and the static stiffness were similar in all GSE supplemented group and control group whatever the experiment ([Table 1](#pone.0233169.t001){ref-type="table"}).

Effect of GSE supplementation on weight of follicles and fertility parameters {#sec020}
-----------------------------------------------------------------------------

We weighed the preovulatory follicles from 1 to 4 (F1 to F4), for 10 animals per group of animals. In both experiment, the GSE dietary supplementation did not affect the weight of F1 ([Fig 2A](#pone.0233169.g002){ref-type="fig"}). Only in the experiment 1, the supplementation of 1% GSE from week 4 significantly reduced the weight of the preovulatory follicle 2 (*P* = 0.04, [Fig 2B](#pone.0233169.g002){ref-type="fig"}), follicle 3 (*P* = 0.02, [Fig 2C](#pone.0233169.g002){ref-type="fig"}) and 4 (*P* = 0.007, [Fig 2D](#pone.0233169.g002){ref-type="fig"}) as compared to other group of animals. After the first artificial insemination (AI) at 28 weeks, we assessed the fertility parameters ([Table 2](#pone.0233169.t002){ref-type="table"}). The GSE supplementation did not affect the EEM, LEM, the hatchability of incubated or fertile eggs and the fertility rate whatever the experiment ([Table 2](#pone.0233169.t002){ref-type="table"}). For all fertility parameters, we found similar data for the second AI (33 weeks).

![Weight of preovulatory follicles F1 (A), F2 (B), F3 (C) and F4 (D) of broiler hens fed with different concentrations of GSE supplementation.\
Follicular hierarchy of 10 animals selected randomly from each group (A to D) was analysed at the 40th week. Each preovulatory follicle from each animal was weighed. A: animals fed with control diet without GSE supplementation, B and C: animals supplemented with GSE at 0.5% and 1% of the total diet composition, respectively, starting at 4 week-old until 40 week-old, and D: supplementation with GSE at 1% of the total diet composition starting at hatch until 40 week-old. Results are presented as lsmeans ± S.E.M. *P* values and different individual letters indicate a significant effect of the diet between A, B and C groups (experiment 1) or between A and D (experiment 2) groups. *P* value was considered as significant if *P* \< 0.05.](pone.0233169.g002){#pone.0233169.g002}

10.1371/journal.pone.0233169.t002

###### Percentage of unfertilised eggs, early (EEM) and late (LEM) embryonic mortality and fertility after artificial insemination in broiler hens fed with GSE supplementation.

![](pone.0233169.t002){#pone.0233169.t002g}

  Parameters                          A                 B                 C                 D              Diet ABC   Diet AD
  ----------------------------------- ----------------- ----------------- ----------------- -------------- ---------- ---------
  \% Unfertilised                     5.89 ± 0.89 ^a^   4.23 ± 0.65 ^b^   4.06 ± 0.75 ^b^   6.28 ± 0.99    0.40       0.98
  \% EEM                              4.62 ± 0.69       4.49 ± 0.55       5.46 ± 0.65       3.89 ± 0.54    0.16       0.73
  \% LEM                              1.29 ± 0.47       1.2 ± 0.28        1.33 ± 0.33       1.12 ± 0.37    0.98       0.81
  \% Fertility                        88.8 ± 1.19       90.53 ± 0.76      89.73 ± 1.11      89.17 ± 1.15   0.93       0.92
  \% Hatchability of incubated eggs   79.88 ± 1.04      79.55 ± 0.99      79.87 ± 1.15      77.5 ± 1.38    0.99       0.67
  \% Hatchability of fertile eggs     90.05 ± 0.64      87.93 ± 1.01      89.05 ± 0.83      86.86 ± 0.88   0.94       0.6

Results are presented as lsmeans ± SEM. *P* values and different individual letters indicate a significant effect of the diet between A, B and C groups (experiment 1) or between A and D groups (experiment 2). P value was considered as significant if *P* \< 0.05. EEM, early embryo mortality; LEM, late embryo mortality. A: animals fed with control diet without GSE supplementation, B and C: animals supplemented with GSE at 0.5% and 1% of the total diet composition, respectively, starting at 4 week-old until 40 week-old and D: supplementation at 1% of the total diet composition starting at hatch until 40 week-old.

Effect of GSE supplementation on steroids hormones concentration in egg yolks and mRNA expression of steroidogenic enzymes in granulosa cells {#sec021}
---------------------------------------------------------------------------------------------------------------------------------------------

As shown in [Fig 3](#pone.0233169.g003){ref-type="fig"} and [Table 3](#pone.0233169.t003){ref-type="table"}, the production of progesterone ([Fig 3A](#pone.0233169.g003){ref-type="fig"}), testosterone ([Fig 3B](#pone.0233169.g003){ref-type="fig"}) and androstenedione ([Fig 3C](#pone.0233169.g003){ref-type="fig"}) in the egg yolks was significantly lower (*P* \< 0.0001) for all dietary GSE supplemented groups compared to the control group whatever the experiment. In addition, we noticed that oestradiol concentration in the egg yolks was reduced only for B (*P* = 0.0003) and D (*P* = 0.001) groups compared to the control ([Fig 3D](#pone.0233169.g003){ref-type="fig"}). We next examined whether this decrease in steroid concentration in egg yolks in response to a GSE dietary supplementation was a result of some key enzymes of steroidogenesis (3β-HSD, P450scc, P450 aromatase) and/or of StAR, an important cholesterol carrier in the granulosa cells from F1 preovulatory follicle. As shown in [Fig 3E and 3F](#pone.0233169.g003){ref-type="fig"}, we showed that the mRNA expression of P450 aromatase ([Fig 3E](#pone.0233169.g003){ref-type="fig"}) and StAR ([Fig 3F](#pone.0233169.g003){ref-type="fig"}) was significantly reduced in C and D groups compared to the control group (*P* \< 0.0001) whereas the mRNA expression of the other enzymes (3β-HSD and P450scc) was unaffected.

![Levels of progesterone (A), testosterone (B), androstenedione (C) and oestradiol (D) in egg yolk and P450 aromatase (E) and StAR (F) mRNA expression in granulosa cell from broiler hens fed with different concentrations of GSE.\
Steroids were extracted from 30 egg yolks for each group, at 33 weeks-old. mRNA was extracted from granulosa cells of 10 preovulatory follicles for each group. A: animals fed with control diet without GSE supplementation, B and C: animals supplemented with GSE at 0.5% and 1% of the total diet composition, respectively, starting at 4 week-old until 40 week-old (experiment 1) and D: supplementation with GSE at 1% of the total diet composition starting at hatching until 40 week-old (experiment 2). Results are presented as lsmeans ± S.E.M. *P* values and different individual letters indicate a significant effect of the diet between A, B and C groups (experiment 1) or between A and D groups (experiment 2). *P* value was considered as significant if P \< 0.05. \*\**P* \< 0.005 and \*\*\*\* *P* \< 0.0001.](pone.0233169.g003){#pone.0233169.g003}

10.1371/journal.pone.0233169.t003

###### Progesterone, testosterone, androstenedione and oestradiol concentrations in egg yolk at 33 weeks-old.

![](pone.0233169.t003){#pone.0233169.t003g}

  Period         Group              Progesterone (ng/g)   Testosterone (ng/g)   Androstenedione (ng/g)   Oestradiol (ng/g)
  -------------- ------------------ --------------------- --------------------- ------------------------ -------------------
  **33 weeks**   A                  3846 ± 53.47 ^a^      3.3 ± 0.06 ^a^        540.5 ± 5.26 ^a^         4.66 ± 0.07 ^a^
  B              2839 ± 63.82 ^b^   2.21 ± 0.04 ^b^       235.2 ± 4.45 ^b^      4.15 ± 0.13 ^b^          
  C              2827 ± 45.1 ^b^    1.69 ± 0.06 ^c^       243.4 ± 6.21 ^b^      4.58 ± 0.06 ^a^          
  D              2679 ± 42.47       2.07 ± 0.05           271.2 ± 7.54          4.33 ± 0.06              
  *P*            Diet ABC           **\<0.0001**          **\<0.0001**          **\<0.0001**             **0.0003**
  *P*            Diet AD            **\<0.0001**          **\<0.0001**          **\<0.0001**             **0.001**

Results are presented as lsmeans ± SEM. *P* values and different individual letters indicate a significant effect of the diet between A, B and C groups (experiment 1) or between A and D groups (experiment 2). *P* value was considered as significant if P \< 0.05. Thirty eggs yolk were collected from broiler hens fed with different concentrations of GSE dietary supplementation or with a control diet. A: animals fed with control diet without GSE supplementation, B and C: animals supplemented with GSE at 0.5% and 1% of the total diet composition, respectively, starting at 4 week-old until 40 week-old (experiment 1) and D: supplementation at 1% of the total diet composition starting at hatch until 40 week-old (experiment 2).

Effects of GSE dietary supplementation on *in vitro* steroidogenesis in hen primary granulosa cells {#sec022}
---------------------------------------------------------------------------------------------------

As observed for egg yolks, the GSE dietary supplementation whatever the experiment significantly decreased the production of progesterone by unstimulated primary granulosa cells from F1 preovulatory follicles (*P* \< 0.0001, [Fig 4A](#pone.0233169.g004){ref-type="fig"}). However, after stimulation of cells with IGF1 (10^−8^ M) or LH (10^−8^ M) alone or in combination, the GSE dietary supplementation significantly increased the granulosa cells response suggesting a better sensitivity of cells to these hormones (*P* \< 0.005, [Fig 4B](#pone.0233169.g004){ref-type="fig"}).

![Effect of dietary GSE supplementation on *in vitro* steroidogenesis at basal state (A) and in response to IGF1 and LH alone or in combination in hen primary granulosa cells.\
Granulosa cells from preovulatory follicles 1 (F1) from different group of animals (A to D) were seeded for 24 h and after overnight serum starvation, granulosa cells were incubated with IGF1 (10^-8^M), LH (10^-8^M) or both for 48 h. The culture medium was then collected. Basal progesterone level (A) and the response to IGF1 or/and LH (B) were assessed. A: animals fed with control diet without GSE supplementation, B and C: animals supplemented with GSE at 0.5% and 1% of the total diet composition, respectively, starting at 4 week-old until 40 week-old, and D: supplementation with GSE at 1% of the total diet composition starting at hatch until 40 week-old. Results are presented as lsmeans ± S.E.M. *P* values and different individual letters indicate a significant effect of the diet between A, B and C groups (experiment 1) or between A and D groups (experiment 2). *P* value was considered as significant if *P* \< 0.05. \*\**P* \< 0.005 and \*\*\*\* *P* \< 0.0001.](pone.0233169.g004){#pone.0233169.g004}

Effect of GSE dietary supplementation on Reactive Oxygen Species (ROS) levels in egg yolks {#sec023}
------------------------------------------------------------------------------------------

Since some studies demonstrated that GSE were powerful free radical scavengers \[[@pone.0233169.ref013]\], we consequently evaluated by using Ros-Glo H202 assay the ROS (H202) amount in egg yolks. As shown in [Fig 5](#pone.0233169.g005){ref-type="fig"}, the GSE supplementation significantly decreased the ROS levels (*P* \< 0.0001) in eggs yolks whatever the beginning of the maternal dietary supplementation period (hatching (D group, experiment 2) or week 4 (B and C group, experiment 1)). In addition, in experiment 1, when the GSE supplementation was applied at week 4, the ROS levels were lower in C as compared to B group showing a dose dependent decrease ([Fig 5](#pone.0233169.g005){ref-type="fig"}).

![Level of Reactive Oxygen Species (ROS, H202) in egg yolk of broiler hens fed with different concentrations of GSE dietary supplementation.\
ROS level (H202) was assessed from 1 g of each egg yolk using Ros-Glo assay. Ten egg yolks were analysed for each group of animals. A: animals fed with control diet without GSE supplementation, B and C: animals supplemented with GSE at 0.5% and 1% of the total diet composition, respectively, starting at 4 week-old until 40 week-old (experiment 1), and D: supplementation at 1% of the total diet composition starting at the hatching until 40 week-old (experiment 2). Results are presented as lsmeans ± S.E.M. *P* values and different individual letters indicate a significant effect of the diet between A, B and C groups (experiment 1) or between A and D groups (experiment 2). *P* value was considered as significant if *P* \< 0.05. \*\*\*\* *P* \< 0.0001.](pone.0233169.g005){#pone.0233169.g005}

Effect of the GSE dietary supplementation on adipokines plasma levels and association with steroids hormones and ROS amount in egg yolks {#sec024}
----------------------------------------------------------------------------------------------------------------------------------------

Since we previously showed that plasma adipokines could be associated to fertility parameters in hens \[[@pone.0233169.ref023]\], we assessed the plasma concentration of RARRES2 ([Fig 6A](#pone.0233169.g006){ref-type="fig"}), ADIPOQ ([Fig 6B](#pone.0233169.g006){ref-type="fig"}) and NAMPT ([Fig 6C](#pone.0233169.g006){ref-type="fig"}) at 33 weeks before the second AI. The plasma RARRES2 concentration significantly decreased whereas plasma ADIPOQ and NAMPT concentrations increased in all GSE dietary supplemented groups compared to the control (*P* \< 0.0001) in both experiment 1 and 2. Then, we assessed the correlation between these plasma adipokines and the steroids hormones in yolk eggs ([Table 4](#pone.0233169.t004){ref-type="table"}). The correlation, was performed with A, B and C groups (experiment 1) and A and D (experiment 2). In both experiments, progesterone, androstenedione and testosterone concentrations in egg yolks were positively correlated with plasma RARRES2 (A,B, and C: r = 0.73, r = 0.79 and r = 0.85, respectively, *P* \< 0.0001; A and D: r = 0.78, r = 0.86, r = 0.78, respectively, *P* \< 0.0001) whereas they were negatively correlated with plasma ADIPOQ (A, B and C: r = -0.71, r = -0.7 and r = -0.86, respectively, *P* \< 0.0001; A and D: r = -0.86, r = -0.9 and r = -0.88, respectively, *P* \< 0.0001) and plasma NAMPT (A, B and C: r = -0.77, r = -0.76 and r = -0.83, respectively, *P* \< 0.0001; A and D: r = -0.76, r = -0.82 and r = -0.77, respectively, *P* \< 0.0001). Any correlation was significant for plasma oestradiol concentration. Moreover, we observed that ROS levels in egg yolks were positively correlated with plasma RARRES2 (A B and C: r = 0.81, *P* \< 0.0001; A and D: r = 0.85, *P* \< 0.0001) and negatively correlated with plasma ADIPOQ (A, B and C: r = -0.69, *P* \< 0.0001; A and D: r = -0.77, *P* \< 0.0001) and plasma NAMPT (A, B and C: r = -0.72, *P* \< 0.0001; A and D: r = -0.71, *P* \< 0.0001).

![Level of plasma RARRES2 (A), ADIPOQ (B) and NAMPT(C) concentrations of broiler hens fed with different concentrations of GSE dietary supplementation.\
At 33^rd^ week, plasma adipokines concentration was assessed using specific ELISA assay in 11 animals from each group of animals. A: animals fed with control diet without GSE supplementation, B and C: animals supplemented with GSE at 0.5% and 1% of the total diet composition, respectively, starting at 4 week-old until 40 week-old, and D: supplementation at 1% of the total diet composition starting at hatch until 40 week-old. Results are presented as lsmeans ± S.E.M. *P* values and different individual letters indicate a significant effect of the diet between A, B and C groups (experiment 1) or between A and D groups (experiment 2). *P* value was considered as significant if *P* \< 0.05. \*\*\*\* *P* \< 0.0001.](pone.0233169.g006){#pone.0233169.g006}

10.1371/journal.pone.0233169.t004

###### Pearson correlation coefficient (*r*) calculated between plasma adipokines (RARRES2, ADIPOQ, NAMPT) concentration and steroids hormones (progesterone, androstenedione, testosterone, oestradiol) and ROS concentration in egg yolk, for the groups A, B and C (experiment 1) and then, A and D (experiment 2).
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  ----------------------------------- -------------- -------------- -------------- -----------
  **ABC Group**                                      **RARRES2**    **ADIPOQ**     **NAMPT**
  **Progesterone**                    *r*            0.73           -0.71          -0.77
  *P*-value                           **\<0.0001**   **\<0.0001**   **\<0.0001**   
  **Androstenedione**                 *r*            0.79           -0.7           -0.76
  *P-*value                           **\<0.0001**   **\<0.0001**   **\<0.0001**   
  **Testosterone**                    *r*            0.85           -0.86          -0.83
  *P*-value                           **\<0.0001**   **\<0.0001**   **\<0.0001**   
  **Oestradiol**                      *r*            0.05           0.22           -0.06
  *P*-value                           0.79           0.22           0.72           
  **Reactive Oxygen Species (ROS)**   *r*            0.81           -0.69          \- 0.72
  *P*-value                           **\<0.0001**   **\<0.0001**   **\<0.0001**   
  **AD Group**                                       **RARRES2**    **ADIPOQ**     **NAMPT**
  **Progesterone**                    *r*            0.78           -0.86          -0.76
  *P*-value                           **\<0.0001**   **\<0.0001**   **\<0.0001**   
  **Androstenedione**                 *r*            0.86           -0.9           -0.82
  *P-*value                           **\<0.0001**   **\<0.0001**   **\<0.0001**   
  **Testosterone**                    *r*            0.78           -0.88          -0.77
  *P*-value                           **\<0.0001**   **\<0.0001**   **\<0.0001**   
  **Oestradiol**                      *r*            0.4            -0.34          -0.3
  *P*-value                           0.06           0.12           0.17           
  **Reactive Oxygen Species (ROS)**   *r*            0.85           -0.77          -0.71
  *P*-value                           **\<0.0001**   **\<0.0001**   **\<0.0001**   
  ----------------------------------- -------------- -------------- -------------- -----------

Values (r) and significance (*P*-value) of the correlations are indicated. Correlations were considered as significant if *P* \< 0.05. Groups: A (no supplementation), B (supplemented with 0.5% of the total diet composition starting at 4 week-old until 40 week-old), C (supplemented with 1% of the total diet composition starting at 4 week-old until 40 weeks-old) and D (supplemented with 1% of the total diet composition starting at hatch until 40 week-old).

Effect of the GSE dietary supplementation on the expression of adipokines and their receptors in granulosa and theca cells {#sec025}
--------------------------------------------------------------------------------------------------------------------------

In granulosa and theca cells from F1 preovulatory follicles, we determined the effect of the GSE dietary supplementation on the mRNA expression ([Table 5](#pone.0233169.t005){ref-type="table"}) of all adipokines (RARRES2, ADIPOQ, NAMPT) and their receptors (CMKLR1, CCRL2, GPR1, ADIPOR1, ADIPOR2). There was no effect of GSE supplementation in RARRES2 expression in granulosa cells, however we observed a decrease in the mRNA expression of its receptor CCRL2 (*P* = 0.05) in the C group compared to the control in the experiment 1. In addition, we showed a decrease in GPR1 expression in all GSE dietary supplemented group as compared the control in both experiments ([Table 5](#pone.0233169.t005){ref-type="table"}). In granulosa cells, ADIPOQ was undetectable. However, we detected a significant decrease of the expression of ADIPOR1 for the D group compared to the control (*P* \< 0.05) in the experiment 2. Concerning the expression of NAMPT, a decrease was observed in all GSE supplemented group compared to the control group (*P* \< 0.0005) in both experiments. In theca cells, we observed a decrease in GPR1 expression in D group as compared to the control (*P* = 0.05) in the experiment 2. There was not statistical difference for the other genes.

10.1371/journal.pone.0233169.t005

###### mRNA expression of adipokines (RARRES2, ADIPOQ, NAMPT) and their receptors (CMKLR1, CCRL2, GPR1, ADIPOR1, ADIPOR2) in granulosa and theca cells from preovulatory follicle 1 (F1).
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  Tissues              Genes                 A                     B                      C                     D             Diet ABC     Diet AD
  -------------------- --------------------- --------------------- ---------------------- --------------------- ------------- ------------ ---------
  Granulosa cells F1   *RARRES2*             0.4 ± 0.09            0.32 ± 0.03            0.33 ± 0.04           0.3 ± 0.04    0.56         0.32
  *CMKLR1*             0.001 ± 2.10^-4a,b^   0.0014 ± 3.10^-4a^    5.10^−4^ ± 5.10^-5b^   6.10^−4^ ± 3.10^−4^   **0.04**      0.31         
  *CCRL2*              0.003 ± 7.10^-4a^     0.003 ± 6.10^-4a^     6.10^−4^ ± 1.10^-4b^   0.001 ± 7.10^−4^      **0.02**      0.2          
  *GPR1*               0.5 ± 0.12 ^a^        0.3 ± 0.03 ^a,b^      0.22 ± 0.02 ^b^        0.19 ± 0.02           **0.01**      **0.03**     
  *ADIPOR1*            0.002 ± 4.10^−4^      0.002 ± 2.10^−4^      0.003 ± 5.10^−4^       0.001 ± 2.10^−4^      0.6           **0.01**     
  *ADIPOR2*            0.008 ± 7.10^−4^      0.008 ± 6.10^−4^      0.01 ± 0.001           0.007 ± 0.001         0.05          0.66         
  *NAMPT*              0.02 ± 0.002 ^a^      0.01 ± 0.001 ^b^      0.01 ± 0.001 ^b^       0.009 ± 0.001         **0.0003**    **0.0002**   
  Theca cells F1       *RARRES2*             0.41 ± 0.04           0.4 ± 0.04             0.49 ± 0.03           0.36 ± 0.03   0.19         0.33
  *CMKLR1*             0.11 ± 0.03           0.12 ± 0.02           0.16 ± 0.04            0.08 ± 0.02           0.51          0.38         
  *CCRL2*              0.45 ± 0.1            0.49 ± 0.06           0.77 ± 0.11            0.45 ± 0.03           0.06          0.98         
  *GPR1*               0.1 ± 0.02            0.14 ± 0.02           0.08 ± 0.01            0.05 ± 0.006          0.23          0.05         
  *ADIPOQ*             0.18 ± 0.05           0.21 ± 0.04           0.33 ± 0.07            0.19 ± 0.05           0.14          0.88         
  *ADIPOR1*            5.10^−4^ ± 1.10^−4^   5.10^−4^ ± 3.10^−4^   1.10^−4^ ± 4.10^−5^    4.10^−4^ ± 2.10^−4^   0.16          0.85         
  *ADIPOR2*            0.002 ± 4.10^−4^      0.001 ± 3.10^−4^      0.001 ± 3.10^−4^       0.001 ± 4.10^−4^      0.45          0.48         
  *NAMPT*              0.13 ± 0.03           0.16 ± 0.02           0.12 ± 0.02            0.09 ± 0.01           0.47          0.14         

Results are presented as lsmeans ± SEM. *P* values and different individual letters indicate a significant effect of the diet between A, B and C groups (experiment 1) or between A and D groups (experiment 2). *P* value was considered as significant if *P* \< 0.05.

Discussion {#sec026}
==========

This present study shows for the first time that an *in vivo* GSE maternal dietary supplementation very early (at hatching) or lately (at week 4) reduces significantly ROS levels and steroid secretion in yolk egg and this was associated to variations of plasma and ovarian cell adipokines in reproductive broiler hens. Furthermore, we showed that this GSE supplementation ameliorated egg quality by decreasing the number of double-yolk eggs and by improving the elasticity of the shell. These data were observed without any alterations in fertility parameters and egg production.

Our results indicate that a dietary GSE supplementation significantly reduces the ROS levels in egg yolk suggesting a reduction in both lipid peroxidation and OS. These data can be considered beneficial since yolk [oxidation](https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/alpha-oxidation) leads to malondialdehyde production (product of lipid peroxidation), that is a toxic substance with negative effects on human and animal health \[[@pone.0233169.ref024]\]. A significant reduction on [lipid peroxidation](https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/lipid-peroxidation) and increased antioxidant capacity in [egg yolk](https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/egg-yolk) were found in laying hens fed with grape pomace flour, as observed by Kara et al. \[[@pone.0233169.ref025]\] \[[@pone.0233169.ref026]\] and Galli et al. \[[@pone.0233169.ref027]\] in laying hens fed [grape pomace](https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/grape-pomace) and curcumin, respectively. GSE are known to decrease oxidative stress and ROS in various tissues or cells under different conditions. For example, in rats, GSE treatment decreased oxidative stress damage in liver following bile duct ligation \[[@pone.0233169.ref028]\] or high fat diet \[[@pone.0233169.ref029]\]. In broiler chicken, grape seed proanthocyanidin extracts decreases oxidative damages induced by aflatoxins in splenic tissues \[[@pone.0233169.ref030]\]. Thus, maternal dietary GSE supplementation is able to scavenge free oxygen radical in the egg yolk as it has been demonstrated in mammalian and chicken tissue.

We did not observe any effect of the supplementation on the egg production rate or the egg weight during the whole laying period (23--40 weeks). However, the GSE supplementation reduced the incidence of double-yolk eggs. The double-yolked avian egg is a common physiological process in commercial species of poultry \[[@pone.0233169.ref031], [@pone.0233169.ref032]\]. Double-yolk eggs are formed when two F1 follicles ovulated within three hours of each other become enclosed in one egg \[[@pone.0233169.ref033]\], and estimated to occur in 4\~12.5% of broiler breeder pullet eggs in the first 3 months of laying \[[@pone.0233169.ref034], [@pone.0233169.ref035]\]. Double-yolk eggs are considered as a loss to overall commercial hatcheries because of their relatively lower yolk fertility rate due to their smaller yolk size and markedly lower hatchability rate \[[@pone.0233169.ref031], [@pone.0233169.ref036]\]. Thus, maternal dietary GSE supplementation could have a beneficial for the breeders. Interestingly, we found that eggs from hens fed with the diet supplemented with 1% GSE from 4 week-old were heaver, bigger and larger compared to the control at 33 weeks and we noticed a higher elasticity of the shell for all supplemented group. Until now no studies investigated the GSE extract on the egg performance and quality. However, Sahin et al., 2010 reported no effects of dietary resveratrol supplementation on egg production or egg quality related to the shell, yolk and albumen in quails \[[@pone.0233169.ref037]\]. Resveratrol is an antioxidant located in whole grape and has properties similar to proanthocyanidin, the main component in grape seed \[[@pone.0233169.ref038]\].

Since the GSE supplementation reduced ROS levels in yolk and high levels of ROS are known to alter fertility, we expected a better fertility in supplemented animals. Furthermore, we could also expect a better hatchability since the increase in circulating oxygen rates during the hatching lead to a higher production of free radicals due to oxidative processes that may be deleterious for the chicks \[[@pone.0233169.ref039]\]. Several studies showed that a supplementation of antioxidant such as vitamin E but also GSE directly *in ovo* can improve hatchability. For example, Salary et al., 2014 found an improvement in broiler chick hatching from vitamin E supplemented eggs, compared with the non-supplemented group \[[@pone.0233169.ref040]\]. Hajati et al., [2014](https://www.sciencedirect.com/science/article/pii/S0032579119306595?via%3Dihub#bib11) studied *in ovo* supplementation of an antioxidant compound (grape seed extract together with vitamin C) and found better hatching results for chicks from supplemented eggs \[[@pone.0233169.ref041]\]. According to Surai et al., [2016](https://www.sciencedirect.com/science/article/pii/S0032579119306595?via%3Dihub#bib47), egg yolk antioxidants control oxidation through reducing or deactivating free radicals before they act on chick organ tissues \[[@pone.0233169.ref039]\]. A study conducted by Urso et al., [2015](https://www.sciencedirect.com/science/article/pii/S0032579119306595?via%3Dihub#bib51) also showed that vitamin E (VE) supplementation in the breeders' feed enabled improvement of egg hatching rates and the overall state of quality among newborn chicks \[[@pone.0233169.ref042]\]. However, in the present study, we observed no significant effect on the embryo viability, hatchability or fertility rate. These data could be explained by several reasons; first the percentage of fertility of animals could be too high (almost 90%) to observe a beneficial effect, second the levels of ROS in yolk if important in fertility regulation in control group were not high enough to induce a deleterious effect on the fertilization process or embryo development, finally the time of GSE supplementation was too long. At the opposite in the literature, a dietary selenium (antioxidant) supplementation increased hatchability and reduced embryonic mortality rate \[[@pone.0233169.ref043], [@pone.0233169.ref044]\]. Furthermore, using *in ovo* injection (at embryonic day 6.5), GSE has been shown to protect chicken embryos against Cadmium, an endocrine disruptor \[[@pone.0233169.ref020]\].

We observed a reduction in steroid content in yolk egg and this was associated to a lower production of progesterone and a lower expression of StAR and P450 aromatase by granulosa cells. Some studies showed that the steroid hormones of maternal origin in avian egg yolks have a strong influence on offspring development \[[@pone.0233169.ref045], [@pone.0233169.ref046]\]. Thus, it will be interesting to follow the growth of chicks from hens fed with a diet supplemented with GSE. In vitro, we observed that F1 granulosa cells from hens fed with a diet supplemented with GSE were more sensitive to IGF1 and LH alone or in combination concerning progesterone production. Several studies showed that GSE treatment improves insulin sensitivity by increasing expression and activation of insulin receptor signalling components \[[@pone.0233169.ref047]\]. Since insulin receptors and IGF1 receptors share a high similarity of structure and intracellular signalling components \[[@pone.0233169.ref048]\], we can hypothesize that GSE treatment improves IGF1 receptor signaling in hen granulosa cells. No effect of GSE treatment on LH receptor has yet described in the literature. In basal state (no IGF1 and LH stimulation), progesterone secretion is lower in granulosa cells from hens fed with a diet supplemented with GSE. In a recent paper, we showed a positive effect of GSE treatment on progesterone and oestradiol secretion by cultured human granulosa cells \[[@pone.0233169.ref049]\]. This discrepancy of the results between the two studies could be explained by the fact that the hen granulosa cells were indirectly exposed to GSE treatment (through maternal diet). It will be interesting to determine the composition in polyphenols of the preovulatory follicles to determine which polyphenols are exposed to granulosa cells.

In plasma, we found that GSE treatment decreases RARRES2 and increases ADIPOQ and NAMPT. Furthermore, we observed that plasma RARRES2 was positively associated to ROS levels and steroid production in yolk egg. Opposite results were observed for plasma ADIPOQ and NAMPT. RARRES2 has been already described involved in the regulation of the OS. Indeed, RARRES2 increased ROS levels in C2C12 myoblasts \[[@pone.0233169.ref050]\] and upregulation of RARRES2 and one of these receptors, CMKLR1 may explain the imbalance of OS and apoptosis in the ovaries of obese mice \[[@pone.0233169.ref051]\]. In hen granulosa cells, maternal dietary GSE supplementation at week 4 significantly reduced CMKLR1 and GPR1 mRNA expression suggesting that RARRES2 signaling could participate to the reduction of ROS levels in yolk egg. The increase in plasma ADIPOQ in response to maternal diet GSE supplementation in hens is a good agreement with data obtained in mammals. Indeed, in rats, maternal intake of GSE induces an increase of ADIPOQ in plasma \[[@pone.0233169.ref052]\]. Moreover, ADIPOQ treatment significantly decreases the production of intercellular ROS \[[@pone.0233169.ref053]\]. NAMPT is involved in oxidative stress processes and is responsible for the production of NAD, which is involved in cellular redox reactions. The inhibition of NAMPT decreased cell growth and enhanced susceptibility to oxidative stress. NAMPT enhances ROS production in human vascular endothelial cells \[[@pone.0233169.ref054]\] and induces oxidative stress in differentiated C2C12 myotubes \[[@pone.0233169.ref055]\]. Furthermore, NAMPT expression can be modulated by GSE treatment in rat liver \[[@pone.0233169.ref056]\]. All these data suggest that plasma and ovarian expression of adipokines could participate to regulate the ROS levels and OS in yolk egg and ovarian cells in hens fed with a diet supplemented with GSE.

Conclusions {#sec027}
===========

In conclusion, we showed that a maternal diet GSE supplementation at hatching or at 4 week-old until 40 week-old significantly improved the quality of eggs by decreasing the number of double-yolk eggs and by increasing the shell elasticity without affecting the egg production and fertility parameters. Furthermore, GSE supplementation reduced the levels of ROS and steroidogenesis in yolk egg and this was associated to variations in plasma and ovarian cell expression of adipokines. Taken together, our data suggest the possibility of using dietary maternal GSE to improve egg quality. However, more experiments are necessary to investigate the effect of sequential maternal dietary GSE supplementation for a short time at specific period such as pre-laying on the fertility parameters and laying performance in adult offspring.

Supporting information {#sec028}
======================

###### Experimental protocol design.

From one to the fourth week of age, 324 female breeder chicks received an *ad libitum* diet (free access to food), called a starting diet. At week 4, all animals received a restricted diet according to Hendrix Genetics recommendation. From 4 week to 40 week, animals received three different diets: growing (from 4 to 18 week), before laying (from 18 week to 21 week) and laying (from 21 week to 40 week). We performed two experiments according the time of GSE supplementation. In the experiment 1, the animals were divided into three groups: group A (control, n = 92), group B and C supplemented with GSE at 0.5% (n = 80) and 1% (= 80) of the total diet composition, respectively, since the age of 4 weeks until 40 week-old. In the experiment 2, we used two groups of animals: group A (control, n = 92) and group D (supplemented with 1% of GSE since the hatching until 40 week-old, n = 72). For both experiments, eggs were collected during the whole laying period, from 23^th^ to 40^th^ week. At 26^th^ week, the quality of 30 eggs per group was assessed. At 28^th^ week, the first Artificial Insemination (AI1) was performed and the fertility parameters were assessed after the hatching. At 33^th^ week, the steroidogenesis and ROS level in yolk eggs were assessed, for 30 and 10 egg yolks per group of animals, respectively, and then the second Artificial Insemination (AI2) was performed.
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Click here for additional data file.

###### Composition of the diet for the different groups of animals.

A: control without supplementation, B and C: supplementation at 0.5% and 1% of the total diet composition, respectively, starting at 4 week-old until 40 week-old (experiment 1), and D: supplementation at 1% of the total diet composition, starting at hatch until 40 week-old (experiment 2).
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Click here for additional data file.

###### Oligonucleotide primer sequences.
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Click here for additional data file.
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